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THREE DIMENSIONAL NAND DEVICE AND
METHOD OF MAKING THEREOF

FIELD

The present disclosure relates generally to the field of
semiconductor devices and specifically to three dimensional
vertical NAND strings and other three dimensional devices
and methods of making thereof.

BACKGROUND

Three dimensional vertical NAND strings are disclosed in
an article by T. Endoh, et. al., titled *“Novel Ultra High Density

Memory With A Stacked-Surrounding Gate Transistor
(S-SGT) Structured Cell”, IEDM Proc. (2001) 33-36.

SUMMARY

An embodiment relates to a method of making a mono-
lithic three dimensional NAND string including forming a
stack of alternating layers of a first material and a second
material different from the first material over a substrate. The
first material layers include a sacrificial material and the
second material layers include an electrically insulating
material. The method also includes forming at least one front
side opening 1n the stack, forming an etch stop layer over a
sidewall of the at least one front side opening, forming a
memory film 1n the at least one front side opening and form-
ing a semiconductor channel over the memory film in the at
least one front side opening. The method also includes form-
ing a back side opening in the stack and selectively removing
the first maternal layers without removing the second matenial
layers through the back side opening, thereby forming back
side recesses between adjacent second maternial layers and
exposing portions of the etch stop layer located 1n a back
portion of the back side recesses. The method also includes
oxidizing the exposed portions of the etch stop layer 1n the
back side recesses to form oxidized portions of the etch stop
layer, forming a blocking dielectric over a sidewall 1n the back
side opening and over exposed surfaces of the second mate-
rial layers and the oxidized portions of the etch stop layer in
the back side recesses. The blocking dielectric has a clam-
shaped portion 1n the back side recesses. The method also
includes forming a plurality of control gate electrodes 1n
which each of the plurality of control gate electrodes 1s
located at least partially 1n an opening 1n a respective clam-
shaped portion of the blocking dielectric.

Another embodiment relates to a monolithic three dimen-
sional NAND string including a semiconductor channel, at
least one end part of the semiconductor channel extending
substantially perpendicular to a major surface of a substrate
and a plurality of control gate electrodes extending substan-
tially parallel to the major surface of the substrate. The plu-
rality of control gate electrodes include at least a first control
gate electrode located 1n a first device level and a second
control gate electrode located 1n a second device level located
over the major surface of the substrate and below the first
device level. The first control gate electrode 1s separated from
the second control gate electrode by an insulating layer
located between the first and second control gate electrodes.
The NAND string also includes a memory film located
between the semiconductor channel and the plurality of con-
trol gate electrodes and a blocking dielectric containing a
plurality of clam-shaped portions each having two horizontal
portions connected by a vertical portion. Each of the plurality
of control gate electrodes 1s located at least partially 1n an
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opening 1n a respective clam-shaped portion of the blocking
dielectric. The NAND string also includes a plurality of dis-

crete cover silicon oxide segments located between the
memory {ilm and each respective a clam-shaped portion of
the blocking dielectric containing a respective control gate
clectrode and a plurality of polysilicon segments separating
respective cover silicon oxide segments 1n a direction perpen-
dicular to the major surface of the substrate. Each of the
plurality of polysilicon segments located between the
memory 1ilm and the insulating layer located between the
control gate electrodes.

Another embodiment relates to a monolithic three dimen-
sional NAND string including a semiconductor channel, at
least one end part of the semiconductor channel extending
substantially perpendicular to a major surface of a substrate
and a plurality of control gate electrodes extending substan-
tially parallel to the major surface of the substrate. The plu-
rality of control gate electrodes include at least a first control
gate electrode located 1n a first device level and a second
control gate electrode located 1n a second device level located
over the major surface of the substrate and below the first
device level. The first control gate electrode 1s separated from
the second control gate electrode by an insulating layer
located between the first and second control gate electrodes.
The NAND string also includes a memory film located
between the semiconductor channel and the plurality of con-
trol gate electrodes, and a blocking dielectric contaiming a
plurality of clam-shaped portions each having two horizontal
portions connected by a vertical portion. Each of the plurality
of control gate electrodes 1s located at least partially 1n an
opening 1n a respective clam-shaped portion of the blocking
dielectric. The NAND string also includes a plurality of dis-
crete cover silicon oxide segments located between the
memory {ilm and each respective a clam-shaped portion of
the blocking dielectric containing a respective control gate
clectrode. Each of the plurality of cover silicon oxide seg-
ments have curved upper and lower sides and substantially
straight vertical sidewalls.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are respectively side cross sectional and
top cross sectional views of a NAND string. FIG. 1A 1s a side
cross sectional view of the device along line Y-Y' 1n FIG. 1B,
while FIG. 1B 1s a side cross sectional view of the device
along line X-X" 1n FIG. 1A.

FIGS. 2A and 2B are respectively side cross sectional and
top cross sectional views of another NAND string. FIG. 2A 1s
a side cross sectional view of the device along line Y-Y' 1n

FI1G. 2B, while FIG. 2B 1s a side cross sectional view of the
device along line X-X' 1n FIG. 2A.

FIG. 3A 1s a side cross sectional view of a conventional
NAND string with a U-shaped channel. FIG. 3B 1s a side cross
sectional view of another NAND string.

FIG. 4A 1s a top cross sectional view of a memory block of
an embodiment of the invention. FIGS. 4B and 4C are side
cross sectional views of the memory block of FIG. 4A along
the bit line and word line directions, respectively. FIG. 4B 1s
a side cross sectional view of the device along line B-B' 1n
FIG. 4A, while FIG. 4C 1s a side cross sectional view of the
device along line W-W'in FIG. 4A.

FIG. 5A 1s a cut-away, three dimensional perspective ol the
device of F1IGS. 4A-4C, but with the optional lower semicon-
ductor pillar omitted. FIG. 3B 1s a close up, cross sectional
view ol one memory cell of FIG. 5A.

FIGS. 6 A-61 are side cross sectional views of a portion of
a NAND string according to an embodiment.
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FIGS. 7A-7H are side cross sectional views of a portion of
a NAND string according to an embodiment.

FIGS. 8A-8C are side cross sectional views of a portion of
a NAND string according to an embodiment.

DETAILED DESCRIPTION

In many conventional three dimensional NAND string
devices, the control gate electrodes are formed 1n recesses
created after selectively removing sacrificial layers from a
stack of alternating first and second material layers in which
one of the first or second materials 1s a sacrificial material and
the other material 1s an msulating material. The sidewalls of
the recesses are then conformally coated with a cover oxide,
forming a clam shaped cover oxide 1n the recesses. Next, the
cover oxide 1s conformally coated with a blocking dielectric,
forming a clam shaped blocking dielectric mside the clam
shaped cover oxide 1n the recesses. Alter the blocking dielec-
tric 1s formed, the control gate electrodes are formed inside
the opening of the clam shaped blocking dielectric. The thick-
ness ol the conventional control gate electrode 1s approxi-
mately half the width of the oniginal recesses formed on
removing the sacrificial material. Half the thickness of the
recesses 1s filled with the cover oxide 1n the blocking dielec-
tric.

The mventors have realized that that 1s not necessary to
have both the cover oxide and the blocking dielectric inside
the recesses. The imventors have further realized that by
removing the cover oxide from the recesses, the thickness of
the control gates 1n each memory cell in the memory stack can
be increased for a memory stack having the same height as the
conventional memory stack. By increasing the thickness of
the control gates, the resistance of the word lines may be
reduced, such as by 40%, such as 35% relative to the word
lines of the conventional devices. Alternatively, rather than
increase the thickness of the control gates, a NAND string
having a reduced stack height relative to the conventional
NAND string may be fabricated with word lines having the
same word line resistance as the conventional NAND strings.

A monolithic three dimensional memory array 1s one 1in
which multiple memory levels are formed above a single
substrate, such as a semiconductor water, with no intervening
substrates. The term “monolithic” means that layers of each
level of the array are directly deposited on the layers of each
underlying level of the array. In contrast, two dimensional
arrays may be formed separately and then packaged together
to form a non-monolithic memory device. For example, non-
monolithic stacked memories have been constructed by form-
ing memory levels on separate substrates and adhering the
memory levels atop each other, as 1n Leedy, U.S. Pat. No.
5,915,167, titled “Three Dimensional Structure Memory.”
The substrates may be thinned or removed from the memory
levels before bonding, but as the memory levels are mnitially
formed over separate substrates, such memories are not true
monolithic three dimensional memory arrays.

In some embodiments, the monolithic three dimensional
NAND string 150 comprises a semiconductor channel 1 hav-
ing at least one end portion extending substantially perpen-
dicular to a major surface 100q of a substrate 100, as shown 1n
FIGS. 1A, 2A, 3A, 3B, 4B and 4C. “Substantially perpen-
dicular to” (or “substantially parallel to”) means within
0-10°. For example, the semiconductor channel 1 may have a
pillar shape and the entire pillar-shaped semiconductor chan-
nel extends substantially perpendicularly to the major surface
of the substrate 100, as shown 1n FIGS. 1A, 2A and 3B. In
these embodiments, the source/drain electrodes of the device
can 1nclude a lower electrode 102 provided below the semi-
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4

conductor channel 1 and an upper electrode 202 formed over
the semiconductor channel 1, as shown 1n FIGS. 1A and 2A.

Alternatively, the semiconductor channel 1 may have a
U-shaped pipe shape, as shown 1n FIG. 3A. The two wing
portions 1a and 15 of the U-shaped pipe shape semiconductor
channel may extend substantially perpendicular to the major
surface 100a of the substrate 100, and a connecting portion 1¢
of the U-shaped pipe shape semiconductor channel 1 con-
nects the two wing portions 1a, 15 extends substantially par-
allel to the major surface 100q of the substrate 100. In these
embodiments, one of the source or drain electrodes 202,
contacts the first wing portion of the semiconductor channel
from above, and another one of a source or drain electrodes
202, contacts the second wing portion of the semiconductor
channel 1 from above. The NAND string’s select or access
transistors are not shown in FIGS. 1A-3B for clarity. How-
ever, the source side select transistor 50 and drain side select
transistor 60 are shown in FIG. 5A. These transistors may
have one select gate or plural select gates as shown in FIG.
S5A.

In some embodiments, the semiconductor channel 1 may
be a filled feature, as shown 1n FIGS. 2A and 2B. In some
other embodiments, the semiconductor channel 1 may be
hollow, for example a hollow cylinder filled with an msulat-
ing {ill matenial 2 (e.g., core dielectric), as shown 1n FIGS.
1A-1B, 3B, 4B and 4C. In these embodiments, an insulating,
fill material 2 may be formed to fill the hollow part sur-
rounded by the semiconductor channel 1.

FIGS. 4 A to 4C 1llustrate a memory block 400 containing,
an array of a plurality of vertical NAND strings 150 according
to another embodiment of the invention. Each string includes
the memory device levels 70, respectively, as shown 1n FIG.
4C. FIGS. 4A and 4C show the location of memory region
200 and the stepped word line contact region 300. FIG. 5A
shows a three dimensional view of the device of FIGS. 4A-4C
(with the silicon pillar 15 under the source 14 and the silicon
pillar 15 under channel portion 1a omitted) and FIG. 5B
shows a close up of one memory cell 20 of the device of FIG.
S5A.

A first source electrode 102q 1s located 1n the first dielectric
filled trench 84a and a second source electrode 1025 1s
located 1n the second dielectric filled trench 8456 1n each block
400, as shown 1n FIGS. 4A, 4B and 5A. In the memory device
levels 70, the dielectric 11ll 1n the trench 84 may comprise any
suitable insulating layer 205, such as silicon oxide, etc.,
which 1s located on both walls of the trench 84. The source
clectrode 102 1s located 1n the middle of the trench 84 and i1s
separated from the control gate electrodes 3 by the insulating
layer 203, as shown 1n FIGS. 4B and 5A. Drain electrodes
(e.g., bit lines) 202 and drain lines 103 are located over the
NAND memory cell region 1n memory device levels 70.

Each NAND string 150 contains a NAND memory cell
region 1n the memory device levels 70 which includes the
semiconductor channel 1 which contains a portion 1a which
extends substantially perpendicular to the major surface 100q
of the substrate 100. A bottom portion 1¢ of the channel 1 1s
located 1n or over the major surface 100a of the substrate 100,
and extends toward the doped source region 14 substantially
parallel to the major surface ol the substrate. A drainregion 1e
1s located 1n the upper part of the channel portion 1a 1n contact
with a respective drain line 103, as shown in FIG. SA. An
optional semiconductor pillar may form an optional vertical
portion 15 of the channel which extends substantially perpen-
dicular to the major surface 100a of the substrate 100 and
which contacts the source region 14. The source region 1d
may be located in the pillar above portion 15 of the channel or
in the major surface 100q of the substrate.
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The device contains a plurality of control gate electrodes 3
that extend substantially parallel to the major surface 100a of
the substrate 100 1n the memory device levels 70 from the
memory region 200 to the stepped word line contact region
300. The portions of the control gate electrodes 3 which
extend into region 300 may be referred to as “word lines”
herein. The drain electrode (e.g., bit line) 202 electrically
contacts an upper portion of the semiconductor channel 1 via
drain lines 103.

Furthermore, each NAND string 150 contains at least one
memory f1lm 13 which 1s located adjacent to the semiconduc-
tor channel 1 (e.g., at least next to portion 1a of the channel)
in the memory device levels 70, as shown 1n FIG. 4C. Spe-
cifically, the memory film 13 1s located between the semicon-
ductor channel 1 and the plurality of control gate electrodes 3.
Each memory cell 20 includes a portion of the channel 1, a
control gate electrode 3 and a portion of the memory film 13,
as shown 1 FIGS. 5A and 5B. The memory film 13 contains
the tunnel dielectric 11, the charge storage region(s) 9 (e.g., a
charge trapping layer or floating gates), and the blocking
dielectric 7, as shown 1n FIG. 5B. Each part of the memory
film 13, such as the tunnel dielectric 11, the charge storage
region 9, and/or the blocking layer 7 may be comprised of one
or more layers (e.g., one or more dielectric layers) made of
different materials.

As shown 1n FIG. 4C, the control gate electrodes 3 extend
in the word line direction W-W' which 1s perpendicular to the
bit line direction B-B'. The control gate electrodes 3 are
continuous 1n the array in the memory block 400. In other
words, the control gate electrodes 3 have a shape of a con-
tinuous strip or sheet with discrete openings 81 (which are
referred to herein as front side openings or memory openings)
which contain the NAND strings 150. However, the control

gate electrodes 3 have electrical and physical continuity in the
bit line direction between the trenches 84 and in the word line
direction throughout the block 400. In other words, the
memory openings 81 do not completely sever the continuous
clectrical and physical path 1n the control gate electrodes from
one trench 84 to the opposite trench 84 1n each block.

The substrate 100 can be any semiconducting substrate
known 1n the art, such as monocrystalline silicon, IV-IV com-
pounds such as silicon-germamium or silicon-germaniume-
carbon, I1I-V compounds, II-VI compounds, epitaxial layers
over such substrates, or any other semiconducting or non-
semiconducting material, such as silicon oxide, glass, plastic,
metal or ceramic substrate. The substrate 100 may include
integrated circuits fabricated thereon, such as driver circuits
for a memory device.

Any suitable semiconductor maternials can be used for
semiconductor channel 1, for example silicon, germanium,
s1licon germanium, or other compound semiconductor mate-
rials, such as III-V, II-VI, or conductive or semiconductive
oxides, etc. The semiconductor material may be amorphous,
polycrystalline or single crystal. The semiconductor channel
material may be formed by any suitable deposition methods.
For example, 1n one embodiment, the semiconductor channel
matenal 1s deposited by low pressure chemical vapor depo-
sition (LPCVD). In some other embodiments, the semicon-
ductor channel material may be a recrystallized polycrystal-
line semiconductor material formed by recrystallizing an
mitially deposited amorphous semiconductor material.

The msulating fill material 2 may comprise any electrically
insulating material, such as silicon oxide, silicon nitride, sili-
con oxynitride, or other high-k insulating matenals.

The monolithic three dimensional NAND string further
comprise a plurality of control gate electrodes 3, as shown 1n

FIGS. 1A to 4C. The control gate electrodes 3 may comprise
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a portion having a strip shape extending substantially parallel
to the major surface 100a of the substrate 100. The plurality of
control gate electrodes 3 comprise at least a first control gate
clectrode 3a located in a first device level (e.g., device level A)
and a second control gate electrode 36 located 1n a second
device level (e.g., device level B) located over the major
surface 100a of the substrate 100 and below the device level
A. The control gate material may comprise any one or more
suitable conductive or semiconductor control gate material
known 1n the art, such as doped polysilicon, tungsten, tung-
sten nitride, copper, aluminum, tantalum, titanium, cobalt,
titanium nitride, ruthenium or alloys thereof. For example,
the control gate material in FIGS. 1A, 2A,3A,4B and 4C may
comprise a conductive metal or metal alloy, such as tungsten
and/or titantum nitride, while the control gate maternial 1n FIG.
3 may comprise doped polysilicon.

A blocking dielectric 7 1s located adjacent to the control
gate(s) 3 and may surround the control gate electrodes 3, as
shown m FIGS. 1A, 2A and 3A. Alternatively, a straight
blocking dielectric layer 7 may be located only adjacent to an
edge (1 e, minor surface) of each control gate electrode 3, as
shown 1n FIG. 3B. The blocking dielectric 7 may comprise a
layer having plurality of blocking dielectric segments located
in contact with a respective one of the plurality of control gate
clectrodes 3, for example a first blocking dielectric segment
7a located 1n device level A and a second blocking dielectric
segment 7b located i device level B are in contact with
control electrodes 3a and 35, respectively, as shown 1n FIG.
3A. Alternatively, the blocking dielectric 7 may be a straight,
continuous layer, as shown 1n FIG. 3B, similar to the device
described 1n U.S. Pat. No. 8,349,681 1ssued on Jan. 8, 2013
and incorporated herein by reference in its entirety. Alterna-
tively, as discussed in more detail below with respect to FIGS.
6 A-8C below, the blocking dielectric 7 may comprises a first
blocking dielectric 71 comprising a straight, continuous layer
or segment and a second blocking dielectric 72 that surrounds
the control gates 3.

The monolithic three dimensional NAND string also com-
prise a charge storage region 9. The charge storage region 9
may comprise one or more continuous layers which extend
the entire length of the memory cell portion of the NAND
string, as shown 1n FIG. 3B. For example, the charge storage
region 9 may comprise an insulating charge trapping mate-
rial, such as a silicon nitride layer.

Alternatively, the charge storage region may comprise a
plurality of discrete charge storage regions 9, as shown in
FIGS. 1A, 2A and 3A. The plurality of discrete charge storage
regions 9 comprise at least a first discrete charge storage
region 9a located 1n the device level A and a second discrete
charge storage region 956 located in the device level B, as
shown 1n FIG. 3A. The discrete charge storage regions 9 may
comprise a plurality of vertically spaced apart, conductive
(e.g., metal such as tungsten, molybdenum, tantalum, tita-
nium, platinum, ruthenium, and alloys thereof, or a metal
s1licide such as tungsten silicide, molybdenum silicide, tan-
talum silicide, titantum silicide, nickel silicide, cobalt sili-
cide, or a combination thereot), or semiconductor (e.g., poly-
silicon) floating gates. Alternatively, the discrete charge
storage regions 9 may comprise an insulating charge trapping
material, such as silicon nitride segments.

The tunnel dielectric 11 of the monolithic three dimen-
sional NAND string 1s located between charge storage region
9 and the semiconductor channel 1.

The blocking dielectric 7 and the tunnel dielectric 11 may
be independently selected from any one or more same or
different electrically insulating materials, such as silicon
oxide, silicon nitride, silicon oxynitride, or other msulating
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materials. The blocking dielectric 7 and/or the tunnel dielec-
tric 11 may include multiple layers of silicon oxide, silicon
nitride and/or silicon oxynitride (e.g., ONO layers) or high-k
materials such as aluminum oxide, hatnium oxide or combi-
nations thereof.

The charge storage region(s) 9 and the tunnel dielectric 11,
and optionally the blocking dielectric 7, together are also
referred to herein as a memory film 13, as shown in FIGS. 4B,
4C and 5B.

If desired, an optional barrier layer 4 may be located
between the control gate electrode 3 and the blocking dielec-
tric 7, as shown 1n FIG. 3B. The barrier layer 4 may comprise
any suitable conductive barrier material, such as titanium
nitride or tungsten nitride for tungsten control gate electrodes
3.

A first embodiment of making a NAND string 150 1s 1llus-
trated 1n FIGS. 6 A-6F. As 1llustrated 1n FIG. 6A, the method
includes forming a stack 120 of alternating first material
layers 121 and second matenal layers 19 over a major surface
100a of substrate 100. The stack 120 may be formed directly
on the substrate 100 surface 100a. Alternatively, there may be
intervening layers, such as an optional insulating etch stop
layer 40, or devices located between the substrate 100 surface
100a and the stack 120. The second material 1s different from
the first material. In an embodiment, the first material com-
prises a nitride, such as silicon nitride, or polysilicon, and the
second material comprises an oxide, such as silicon oxide.
Then, the stack 120 1s etched to form at least one front side
opening (memory hole) 81 1n the stack 120. In an embodi-
ment, forming the front side opening 81 comprises removing,
a portion of the msulating layer 40, thereby exposing a por-
tion of the surface 100a of the substrate 100 in the front side
opening 81.

Next, as illustrated in FIG. 6B, an etch stop layer 3 1s
formed over a sidewall of the at least one front side opening
81. The etch stop layer 5 may be formed from any suitable
material. In an embodiment, the etch stop layer 5 1s formed
from a material that may be oxidized, such as undoped or
doped polysilicon.

Then, as 1llustrated in FIG. 6C, a memory film 13 1s formed
over the etch stop layer 5 1n the at least one opening 81. The
memory film 13 comprises a charge storage material layer 9
and a tunnel dielectric 11. After forming the memory film 13,
a semiconductor liner 1' 1s formed over the memory film 13 1n
the at least one opening 81. The semiconductor liner 1' pro-
tects the tunnel dielectric 11 during subsequent etching steps,
discussed in more detail below, and forms a first portion of the
semiconductor channel 1.

Next, as illustrated 1n FIG. 6D, the semiconductor liner 1',
the tunneling dielectric 11, the charge storage material layer
9, and the etch stop layer 5 are sequentially anisotropically
etched employing at least one anisotropic etch process. The
portions of the semiconductor liner 1', the tunneling dielectric
11, the charge storage material layer 9, and the etch stop layer
5 located above the top surface of the stack 120 can be
removed by the at least one anisotropic etch process. Further,
the horizontal portions of the semiconductor liner 1', the
tunneling dielectric 11, the charge storage material layer 9,
and the etch stop layer 5 located at a bottom of the at least one
opening can be removed to form openings 1n remaining por-
tions thereolf, thereby exposing the surtace 100a of the sub-
strate 100. If desired, the at least one opening 81 may be
extended into the substrate 100, as i1llustrated in FIG. 6D.

Next, as 1llustrated 1in FIG. 6E, a second semiconductor
layer (body layer) 1" 1s formed over the semiconductor liner
1'. If the at least one opening 81 1s extended 1nto the substrate
100, a semiconductor pillar 1¢ may be grown from the
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exposed surface of the substrate 100 to {ill a bottom portion of
the at least one opeming 81. In an embodiment, the second
semiconductor layer 1" 1s formed 1n the shape of a hollow
cylinder. In an embodiment, the hollow cylinder may be filled
with an insulating fill material 2. The insulating fill material 2
may be recessed and a doped drain region 1e may be formed
in the recess in contact with the inert surface of the second

semiconductor layer 1" (1.e., 1n contact with the channel of the
NAND string).

FIG. 6F 1s simplified 1llustration of FIG. 6E with the drain
region 1e omitted. As illustrated 1n FIG. 6F, the semiconduc-
tor channel 1 (which corresponds to 1a in FIGS. 4A-4C) may
comprise the semiconductor liner 1', the second semiconduc-
tor layer 1" and the semiconductor pillar 1¢c. In an embodi-
ment, the etch stop 5 layer comprises a polysilicon layer, the
semiconductor liner 1' comprises polysilicon or amorphous
silicon and the second semiconductor layer 1" comprises
polysilicon or amorphous silicon.

Next, as 1llustrated in FIG. 6@, a back side opening 84,
such as a trench, 1s formed 1n the stack 120 of first material
layers 121 and second material layers 19. Then the first mate-
rial layers 121 are selectively removed from the stack 120
through the back side opening 84 without removing the sec-
ond material layers 19. The second material layers 122 may
be selectively removed by selective etching (e.g., hot phos-
phoric acid etch of silicon nitride layers 121). This etching
step results 1n the formation of back side recesses 64 located
between adjacent second material layers 19. This step results
in the etch stop layer 5 being exposed in the back side recesses
64.

Next, as illustrated 1n FIG. 6H, the exposed portions of the
ctch stop layers 3 1n the back side recesses 64 are oxidized to
form a plurality of cover oxide segments 71. The oxidation
may comprise any suitable oxidation method, such as 1n-situ
steam generation (ISSG), dry oxidation or wet oxidation. In
an embodiment, the etch stop layer comprises polysilicon, the
oxidized portions of the etch stop layer comprise silicon
oxide and segments 71 extend through the entire thickness of
the etch stop layer 5. In an embodiment, the cover oxide
segments 71 are located adjacent to the charge storage layer 9.
Asillustrated 1n FIG. 6H, adjacent cover oxide segments 71 in
cach device level are separated from each other by unoxidized
portions 3q of the etch stop layer 5. In an embodiment, each
of the plurality of cover silicon oxide segments 71 has curved
upper and lower sides and substantially straight vertical side-
walls.

Next, as illustrated 1in FIG. 61, a blocking dielectric 72 1s
conformally formed over the sidewall of the cover oxide
segments 71 located between the second matenal layers 19
and the exposed surfaces of the second materials layers 19 1n
the back side recesses 64. The blocking dielectric 72 has a
clam shape inside the back side recesses 64.

As used herein a “clam™ shape 1s a side cross sectional
shape configured similar to an English letter “C”. A clam
shape has two segments which extend substantially parallel to
cach other and to the major surface 100q of the substrate 100.
The two segments are connected to each other by a third
segment which extends substantially perpendicular to the first
two segments and the surface 100a. Each of the three seg-
ments may have a straight shape (e.g., a rectangle side cross
sectional shape) or a somewhat curved shape (e.g., rising and
talling with the curvature of the underlying topography). The
term substantially parallel includes exactly parallel segments
as well as segments which deviate by 20 degrees or less from
the exact parallel configuration. The term substantially per-
pendicular includes exactly perpendicular segments as well
as segments which deviate by 20 degrees or less from the
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exact perpendicular configuration. The clam shape preferably
contains an opening bounded by the three segments and hav-
ing a fourth side open.

Control gate electrodes 3 are then formed over the blocking,
dielectric 72 inside the clam shaped blocking dielectric 72 via
the back side opening 84. In an embodiment, the blocking
dielectric 72 comprises Al,O,, and the control gate electrodes
3 comprise tungsten with a TiN or WN bather layer.

In an embodiment, oxidizing the exposed portions of the
etch stop layer 5 forms a plurality of discrete cover silicon
oxide segments 71 located between the memory film 13 and
cach respective a clam-shaped portion of the blocking dielec-
tric 72 containing a respective control gate electrode 3. Oxi-
dizing the exposed portions of the etch stop layer 5 also forms
a plurality of polysilicon segments Sa separating respective
s1licon oxide segments 71 1n a vertical direction perpendicu-
lar to the major surtface 100q of the substrate 100. Each of the
plurality of polysilicon segments 3a is located between the
memory film 13 and the mnsulating layers 19 located between
the control gate electrodes 3 in the horizontal direction par-
allel to the major surface 100a of the substrate 100.

FIGS. 7TA-7D illustrate another embodiment of making a
NAND string 150. As 1llustrated 1n FI1G. 7A and similar to the
embodiment 1illustrated 1n FIG. 6A, the method includes
tforming a stack 120 of alternating first material layers 121 and
second material layers 19 over a major surface 100a of sub-
strate 100. The stack 120 may be formed directly on the
substrate 100 surface 100a. Alternatively, there may be inter-
vening layers, such as an optional insulating etch stop layer
40, or devices located between the substrate 100 surtace 1004
and the stack 120. The second matenal 1s different from the
first material. In an embodiment, the first material comprises
a nitride, such as silicon nitride, and the second material
comprises an oxide, such as silicon oxide. As 1n the previous
embodiment, the stack 120 is etched to form at least one front
side opening (memory hole) 81 1n the stack 120.

Next, as 1llustrated 1n FIG. 7B, at least one etch stop layer
5 1s formed 1n the at least one front side opening 81. As
illustrated 1 FIG. 7B, the etch stop layer § may comprise
more than one etch stop layer 5, such as a first etch stop layer
51 and a second etch stop layer 52. That 1s, the step of forming
at least one etch stop layer 5 1n the front side opening 81 may
comprise forming a first oxide etch stop layer 51 by perform-
ing an in-situ steam generated (ISSG) oxidation of a sidewall
of the at least one front side opening 81 and then forming a
second oxide etch stop layer 52 (e.g., silicon oxide layer
formed by CVD) over the first etch stop layer 51.

Then, as illustrated 1n FI1G. 7C, a charge storage material
layer 9 1s formed over the etch stop layer 3 1n the at least one
front side opening 81. The charge storage material layer 9
may be made of any suitable material such as silicon nitride or
may be amultilayer charge storage structure, such as a silicon
oxide-silicon nitride-silicon oxide (ONO) structure.

Next, the NAND string 1s processed as 1llustrated 1n FIGS.
6C-6F 1llustrated above. First, a tunnel dielectric 11 1s formed
over the charge storage material layer 9 in the at least one
front side opening 81 to form the memory film 13. After
forming the memory film 13, a semiconductor liner 1' 1s
formed over the memory film 13 1n the at least one opening
81. The semiconductor liner 1' protects the tunnel dielectric
11 durning subsequent etching steps, discussed 1n more detail
above, and forms a first portion of the semiconductor channel
1.

Next, as illustrated 1n FIG. 6D above, the semiconductor
liner 1', the tunneling dielectric 11, the charge storage mate-
rial layer 9, and the etch stop layer 5 (or etch stop layers SA,
5B 1 two etch stop layers are used) are sequentially anisotro-
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pically etched employing at least one anisotropic etch pro-
cess. The portions of the semiconductor liner 1', the tunneling
dielectric 11, the charge storage material layer 9, and the etch
stop layer 3 located above the top surtace of the stack 120 can
be removed by the at least one anisotropic etch process.
Further, the horizontal portions of the semiconductor liner 1°,
the tunneling dielectric 11, the charge storage material layer
9, and the etch stop layer 3 located at a bottom of the at least
one opening can be removed to form openings 1n remaining
portions thereot, thereby exposing the surface 100a of the
substrate 100. If desired, the at least one opening 81 may be
extended into the substrate 100, as i1llustrated in FIG. 6D.

Next, as illustrated in FIG. 6F and discussed above, a
second semiconductor layer (body layer) 1" 1s formed over
the semiconductor liner F. If the at least one opening 81 1s
extended 1nto the substrate 100, a semiconductor pillar 1c
may be grown from the exposed surface of the substrate 100
to fill a bottom portion of the at least one opening 81. In an
embodiment, the second semiconductor layer 1" 1s formed 1n
the shape of a hollow cylinder. In an embodiment, the hollow
cylinder may be filled with an insulating fill material 2. FIG.
7D 1llustrates the results of performing the steps 1llustrated 1n
FIGS. 6C-6E on the structure 1llustrated in FI1G. 7C.

Then, as 1llustrated in FIG. 7E, a back side opening 84 may
be formed 1n the stack 120. Further illustrated in FIG. 7E, the
method includes selectively removing the first material layers
121 without removing the second material layers 19 through
the back side opening 84, thereby forming back side recesses
64 between adjacent second material layers 19. The selective
removal of the first material layers one and 21 results in
exposure of the etch stop layer 5 1n the back of the back side
recesses 64. When the etch stop layer 5 comprises two etch
stop layers 51, 52, the first etch stop layer 51 1s exposed 1n the
back of the back side recesses 64.

Next, as 1llustrated in FIG. 7F, the exposed portion of the
etch stop layer 5 1n the back of the back side recesses 64 are
selectively removed to expose portions of the charge storage
material layer 9 1n the back side recesses 64. When the etch
stop layer 5 comprises two etch stop layers 51, 52, both etch
stop layers 51, 52 are removed by selective etching to expose
portions of the charge storage material layer 9 in the back side
recesses 04.

Then, as illustrated 1n FIG. 7G, portions of the charge
storage material layer 9 exposed 1n the back side recesses 64
are selectively oxidized partially through a thickness of the
charge storage material layer 9 to form cover oxide segments
71 1n the charge storage material layer 9. Thus, the NAND
string made according to this embodiment includes a plurality
of discrete cover oxide segments 71 embedded 1n part of a
thickness of the charge storage matenal layer 9 and located
between the blocking dielectric 7 and the charge storage
material layer 9. In an embodiment, a portion of the charge
storage material layer 9 remains between each cover oxide
segment 71 and the tunneling dielectric 11. In an embodi-
ment, the charge storage layer 9 comprises a castellated layer
having a variable thickness along a direction perpendicular to
the major surface 100a of the substrate 100. Thicker portions
of the charge storage material layer 9 separate respective
cover oxide segments 71 1n a direction perpendicular to the
major surface 100q of the substrate 100.

In an embodiment, selectively oxidizing portions of the
charge storage material layer 9 comprises performing an 1n-
situ steam generated (ISSG) oxidation or steam low pressure
radical oxidation 1n a batch furnace of an outer portion of a
s1licon nitride charge storage material layer 9. In an embodi-
ment, each of the plurality of cover silicon oxide segments 71
comprise silicon oxide or silicon oxynitride, and have curved
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upper, lower and inner sides (facing the channel) and a sub-
stantially straight vertical sidewall facing the blocking dielec-
tric 7. The segments 71 may have a thickness of about 3-5 nm
when the silicon nitride charge storage material 9 has a thick-
ness ol about 6-10 nm Thus, the segments 71 may have a
thickness of 35 to 65 percent of the 1nitial thickness of the
charge storage material 9.

Next, as 1llustrated 1n FIG. 7H, the method includes form-
ing a blocking dielectric 7 over a sidewall 1n the back side
opening 84, over exposed surfaces of the second material
layers 19 and over the cover oxide segments 71 1n the back
side recesses 64. The blocking dielectric 7 has a clam-shaped
portion 1n the back side recesses 64. The method also includes
forming a plurality of control gate electrodes 3. Each of the
plurality of control gate electrodes 1s located at least partially
in an opening 1n the respective clam-shaped portion of the
blocking dielectric 7.

The monolithic three dimensional NAND string may fur-
ther comprise a bather layer located between the control gate
clectrodes 3 and the blocking dielectric 7. Thus, 1n an embodi-
ment, the method further comprises forming a bather layer
over the blocking dielectric 1n the back side recesses prior to
forming the control gate electrodes. The blocking dielectric
comprises Al,O;, the control gate electrodes comprise tung-
sten and the barrier layer comprises TiN. In an embodiment,
the discrete cover oxide segments 71 comprise silicon oxide
or silicon oxynitride and the charge storage material layer 9
comprises silicon nitride. In an embodiment, the monolithic
three dimensional NAND string comprises a plurality of etch
stop layer segments (e.g., silicon oxide and/or oxymitride
segments) located between the charge storage matenal layer
9 and the msulating layer 19 located between the control gate
clectrodes 3 1n the horizontal direction parallel to the major
surtace of the substrate.

FIGS. 8 A-8C 1llustrate another embodiment of the method
and monolithic three dimensional NAND string made by the
method.

This embodiment 1s similar to the previous embodiment.
However, this embodiment does not include the formation of
an etch stop layer 5 1n the front side opening 81. FIG. 8A
corresponds to FIG. 7E of the previous embodiment. As 1llus-
trated 1n FIG. 8A, the device includes at least one opening 81
(shown 1n filled in FIG. 8 A and unfilled 1n FIG. 7E) in which
a charge storage material layer 9, a tunnel dielectric 11, chan-
nel 1 (comprising a semiconductor liner 1' and a second
semiconductor layer (body layer) 1"), and an optional insu-
lating {ill material 2. A top portion of the at least one opening
81 includes a doped polysilicon drain 1e 1n contact with layer
1". The top nsulating layer 197 in the stack may be thicker
than other layers 19 1n the stack.

As 1llustrated 1n FIG. 8A, the first material layers 121 are
selectively removed to from back side recesses 64 between
the second material layers 19. In this embodiment, because of
the lack of an etch stop layer 5 in the front side opening 81,
portions of the charge storage material layer 9 are exposed
when the first material layers 121 are selectively removed.
Also 1llustrated 1n FIG. 8A 1s an insulating layer 44 (e.g.,
ISSG oxide) which may be formed 1n the front side opening
prior to forming the charge storage material layer 9.

Next, as 1llustrated in FIG. 8B, portions of the charge
storage material layer 9 exposed 1n the back side recesses 64
are selectively oxidized partially through a thickness of the
charge storage material layer 9 to form cover oxide segments
71 1n the charge storage material layer 9. Siumilar to the pre-
vious embodiment, NAND strings made according to this
embodiment include a plurality of discrete cover oxide seg-
ments 71 embedded 1n part of a thickness of the charge
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storage material layer 9 and located between the blocking
dielectric 7 and the charge storage material layer 9. In an
embodiment, a portion of the charge storage material layer 9
remains between each cover oxide segment 71 and the tun-
neling dielectric 11. In an embodiment, the charge storage
layer 9 comprises a castellated layer having a variable thick-
ness along a direction perpendicular to the major surface 100a
of the substrate 100. Thicker portions of the charge storage
material layer 9 separate respective cover oxide segments 71

in a direction perpendicular to the major surface 100a of the
substrate 100.

Then, as 1llustrated 1n FIG. 8C, the method includes form-
ing a blocking dielectric 7 over a sidewall 1n the back side
opening 84, over exposed surfaces of the second material
layers 19 and over the cover oxide segments 71 1n the back
side recesses 64. The blocking dielectric 7 has a clam-shaped
portion in the back side recesses 64. The method also includes
forming a plurality of control gate electrodes 3. Each of the
plurality of control gate electrodes 1s located at least partially
in an opening 1n the respective clam-shaped portion of the
blocking dielectric 7. The monolithic three dimensional
NAND string further comprises a barrier layer 4 located
between the control gate electrodes 3 and the blocking dielec-
tric 7. The barrier layer 4 may comprise any suitable material,
such as TiN or WN.

Although the foregoing refers to particular preferred
embodiments, 1t will be understood that the invention 1s not so
limited. It will occur to those of ordinary skill 1n the art that
various modifications may be made to the disclosed embodi-
ments and that such modifications are mtended to be within
the scope of the mvention. All of the publications, patent
applications and patents cited herein are incorporated herein
by reference 1n their entirety.

What 1s claimed 1s:
1. A method of making a monolithic three dimensional
NAND string, comprising:

forming a stack of alternating layers of a first material and
a second material different from the first material over a
substrate, the first matenial layers comprising a sacrifi-
cial material and the second material layers comprising,
an electrically insulating matenal;

forming at least one front side opening in the stack;

forming an etch stop layer comprising polysilicon over a
sidewall of the at least one front side opening;;

forming a memory {ilm comprising a different material
than the etch stop layer in the at least one front side
opening;

forming a semiconductor channel over the memory film 1n
the at least one front side opening;;

forming a back side opening 1n the stack;

selectively removing the first material layers without
removing the second material layers through the back
side opening, thereby forming back side recesses
between adjacent second maternial layers and exposing
portions of the etch stop layer located 1n a back portion
of the back side recesses;

converting the etch stop layer into a vertically alternating
stack of silicon oxide segments and polysilicon seg-
ments by oxidizing the exposed portions of the etch stop
layer 1n the back side recesses while the memory mate-
rial layer remains unchanged, wheremn the etch stop
layer 1s a single contiguous layer extending along the
sidewall of the at least one front side opening prior to
conversion, wherein each silicon oxide segment 1s an
oxidized portion of the etch stop layer after the conver-
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ston, and each polysilicon segment 1s an unoxidized
remaining portion of the etch stop layer aiter the con-
version;

forming a blocking dielectric over a sidewall 1n the back
side opening and over exposed surfaces of the second
material layers and the silicon oxide segments, the
blocking dielectric having a clam-shaped portion 1n the
back side recesses; and

forming a plurality of control gate electrodes, each of the
plurality of control gate electrodes 1s located at least
partially 1n an opening 1n a respective clam-shaped por-
tion of the blocking dielectric.

10

2. The method of claim 1, wherein forming the memory
film comprises: 15

forming a charge storage material layer over the etch stop
layer 1n the at least one front side opening; and

forming a tunnel dielectric over the charge storage material

layer 1n the at least one front side opening. .0

3. The method of claim 1, wherein the blocking dielectric
comprises Al,O;, and the control gate electrodes comprise
tungsten.

4. The method of claim 1, wherein the semiconductor
channel comprises a hollow cylinder and further comprising 25
filling the hollow cylinder with an 1nsulating fill material.

5. The method of claim 1, further comprising forming an
insulating layer on the substrate prior to forming the stack of

first and second material layers. .

6. The method of claim 5, wherein forming at least one
front side opening comprising removing a portion of the
insulating layer, thereby exposing a portion of the surface of
the substrate 1n the memory hole.

14

7. The method of claim 1, further comprising:

forming a semiconductor liner over the memory film;

ctching bottom portions of the semiconductor liner and the
memory {1lm to expose a portion of the substrate 1n the
front side opeming; and

forming the semiconductor channel over the semiconduc-
tor liner in contact with the exposed portion of the sub-
strate 1n the front side opening.

8. The method of claim 7, wherein:

the semiconductor liner comprises polysilicon or amor-
phous silicon; and

the semiconductor channel comprises polysilicon or amor-
phous silicon.

9. The method of claim 8, wherein the first material layers

comprise silicon nmitride and the second material layers com-
prise silicon oxide.

10. The method of claim 8, wherein

cach silicon oxide segment 1s located between the memory
film and the blocking dielectric; and

cach of the polysilicon segments 1s located between the
memory film and the insulating layer located between
the control gate electrodes.

11. The method of claim 1, wherein:

the substrate comprises a silicon substrate;

the monolithic three dimensional NAND string 1s located
in an array of monolithic three dimensional NAND
strings over the silicon substrate;

at least one memory cell 1n a first device level of the three
dimensional array of NAND strings 1s located over
another memory cell 1n a second device level of the three
dimensional array of NAND strings; and

the silicon substrate contains an integrated circuit compris-
ing a driver circuit for the memory device located
thereon.
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